The olfactory receptor (OR) genes constitute the largest gene family in mammalian genomes. Humans have 11,000 OR genes, of which only ∼40% have an intact coding region and are therefore putatively functional. In contrast, the fraction of intact OR genes in the genomes of the great apes is significantly greater (68%-72%), suggesting that selective pressures on the OR repertoire vary among these species. We have examined the evolutionary forces that shaped the OR gene family in humans and chimpanzees by resequencing 20 OR genes in 16 humans, 16 chimpanzees, and one orangutan. We compared the variation at the OR genes with that at intergenic regions. In both humans and chimpanzees, OR pseudogenes seem to evolve neutrally. In chimpanzees, patterns of variability are consistent with purifying selection acting on intact OR genes, whereas, in humans, there is suggestive evidence for positive selection acting on intact OR genes. These observations are likely due to differences in lifestyle, between humans and great apes, that have led to distinct sensory needs.
Introduction
Olfactory receptor (OR) genes were discovered more than a decade ago by Buck and Axel (1991) . Since then, it has been shown that mammalian genomes contain 11,000 OR genes (Glusman et al. 2001; Zozulya et al. 2001 ). In humans, these genes are located on most chromosomes and are organized in gene clusters, within which intact genes and pseudogenes are interspersed (Ben-Arie et al. 1994; Trask et al. 1998; Glusman et al. 2001) .
Since the early observations of a human-specific OR-coding-region disruption , researchers have speculated that the accumulation of OR pseudogenes occurred in parallel to a reduction in the sense of smell in primates (Sharon et al. 1999; Rouquier et al. 2000) . This hypothesis found support in the observation that the size of the putatively functional OR gene repertoire in mice is three times larger than in humans (Young et al. 2002; Zhang and Firestein 2002) . Recently, we reported that humans have accumulated OR-coding-region disruptions ∼4.3 times faster than any great ape, a significant difference in rates . On the basis of these results, we concluded that there seems to be human-specific acceleration in OR pseudogene accumulation relative to apes. Thus, it would appear that different evolu-tionary forces shape the OR gene repertoires of humans and of great apes.
These findings suggest that a relaxation of evolutionary constraints on OR genes has occurred in humans and, to a lesser extent, in other primates. However, studies of diversity at OR genes in humans revealed a pattern of nucleotide diversity, consistent with positive selection acting on human intact OR genes (Gilad et al. 2000; . Although simple demographic models could be excluded as possible explanations for the observed patterns, more complex demographic models could not .
Our goals here are to study the evolution of the OR gene family in humans and chimpanzees, with a study design that allows us to distinguish demographic from selective explanations, and to estimate the strength of directional selection operating on intact OR genes and pseudogenes in humans and chimpanzees. To do so, we contrast the patterns of variability in the OR genes to that of putatively neutral empirical controls-the rationale being that demographic factors affect all loci in a similar fashion, so that patterns of polymorphism seen at the OR genes should mirror patterns of polymorphism seen at intergenic loci (within evolutionary and sampling error). In contrast, if natural selection is acting on OR genes, then the pattern of variability at OR genes should differ from that of the putatively neutrally evolving loci. By using this approach, we can assess the evidence for natural selection empirically, thus sidestepping the thorny issues involved in specifying the parameters of a demographic null model.
We present a parametric analysis of the data that is based on the Poisson random field (PRF) model (Sawyer and Hartl 1992; Bustamante et al. 2002) , to estimate the direction and strength of selection acting on amino acid replacement mutations in OR genes. The present analysis compares patterns of variability within and between species for pooled data at silent sites (mutations that do not alter amino acids) and replacement sites (mutations that do alter amino acids) for intact OR genes and pseudogenes. The PRF approach makes efficient use of the information in McDonald-Kreitman (MK) tables (McDonald and Kreitman 1991) by explicitly taking into account shared parameters across genes (e.g., species divergence time).
Both approaches strongly support the action of purifying selection on chimpanzee intact OR genes, whereas chimpanzee OR pseudogenes seem to evolve under no evolutionary constraint. Similarly, human OR pseudogenes appear to evolve neutrally. Interestingly, our data also suggest the action of positive selection on a subset of intact OR genes in humans.
Methods

Genomic Loci
OR genes were obtained from the HORDE database (see the Human Olfactory Receptor Data Exploratorium Web site), which contains the inferred protein sequence for every intact OR gene and pseudogene, as mined from the public database (Glusman et al. 2001 ). ORs were selected at random (using a random number-generator function in Perl), ignoring functional annotation, with the sole constraint that the coding-region length be 1870 bp.
Seven putatively neutral, ∼800-bp intergenic loci were sequenced from the chimpanzee sample. These loci were amplified using primers that were designed on the basis of the human sequence of the intergenic regions studied by Frisse et al. (2001) .
PCR and DNA Sequencing
Primers for PCR amplification and for sequencing were designed as the first and last 22 bp of each OR coding region, to amplify the entire open reading frame. The same primers were used for the three species (human, chimpanzee, and orangutan). PCR was performed in a total volume of 25 ml, containing 0.2 mM of each deoxynucleotide (Promega), 50 pmol of each primer, 1.5 mM of MgCl 2 , 50 mM of KCl, 10 mM of Tris (pH 8.3), 2 U of Taq DNA polymerase, and 50 ng of genomic DNA. PCR conditions were as follows: 35 cycles of denaturation at 94ЊC; annealing at 53ЊC, 55ЊC, or 57ЊC, depending on the primers; and extension at 72ЊC. The duration of each step was 1 min, with the exceptions of the first step of denaturation and the last step of extension, which were 3 min and 10 min, respectively. PCR products were separated and visualized in a 1% agarose gel and were purified using the High Pure PCR Product Purification Kit (Boehringer Mannheim). Sequencing reactions were performed in both directions on PCR products, using a dyeterminator cycle sequencing kit (Perkin Elmer) on an ABI 3700 automated sequencer (Perkin Elmer).
Sequence Analysis
After base calling with the ABI Analysis software, version 3.0, the data were edited and assembled using the Sequencher program, version 4.0 (GeneCodes). At both ends of each coding sequence, ∼35 bp (including the PCR primers) was excluded from analysis. Since OR genes share a high degree of similarity, we compared the consensus sequence of each gene sequenced from each species against the HORDE database (see the Human Olfactory Receptor Data Exploratorium Web site). In all cases, the best hit was the desired gene.
Data Analysis
We calculated three summaries of diversity levels: Watterson's (Watterson 1975) , based on the number of v W segregating sites in the sample; p (Nei and Li 1979) , the average number of pairwise differences in the sample; and (Fay and Wu 2000) , a measure of diversity that gives v H more weight to high-frequency alleles. Under the standard neutral model of a randomly mating population of constant size, all three summaries are unbiased estimators of the population mutation rate , where N is the v p 4Nm diploid effective population size and m is the mutation rate per generation per site. To test whether the frequency spectrum of mutations conformed to the expectations of this standard neutral model, we calculated the value of two test statistics: Tajima's D (Tajima 1989b) , which considers the difference between p and , and Fay and Wu's v W H (Fay and Wu 2000) , which considers the difference between p and . The probability of a type I error (P v H value), for the D and H statistics, was estimated from coalescent simulations of an infinite-sites locus that 4 10 condition on the sample size. The coalescent model was implemented with a fixed number of segregating sites, rather than with a population mutation rate (cf. Wall and Hudson 2001) . For the H test, P values are reported instead of H values, since this test is not standardized for the number of polymorphic sites. All the reported P values conservatively assume no recombination within loci (Wall 1999) . The P values for a multiple-locus Tajima's D test were estimated using a simulation kindly provided by J. Hey (Department of Genetics, Rutgers University). This approach assumes that all loci are unlinked but that there is no recombination within loci. It asks whether the mean Tajima's D across loci is unexpected under the standard neutral model by estimating the probability of observing a mean that is this negative or more extreme in 10,000 simulations. For all tests, significance is assessed at the 5% level.
The sequence for the ancestor of humans and chimpanzees was inferred by maximum likelihood, using the PAML software package (Yang 1997) , with the orangutan sequence as the outgroup. This allowed the assignment of each of the fixed nucleotide substitutions to either the human lineage or the chimpanzee lineage. To estimate nonsynonymous-to-synonymous substitution rates, the coding region of pseudogenes was corrected by adding 1 (2) nt in cases in which the disruption was a deletion (insertion). Nonsynonymous-to-synonymous substitution rates were estimated using DnaSP (Rozas and Rozas 1999) . Since each OR gene is only ∼1 kb long, there was not enough information to analyze the differences between individual OR genes. We therefore pooled all intact genes and all pseudogenes in each species.
PRF Model
To model directional and purifying selection operating on OR genes, we used a modified version of the PRF model of polymorphism and divergence (Sawyer and Hartl 1992; Bustamante et al. 2002) to model the MK cell entries in a test comparing polymor-2 # 2 phism and divergence at silent and replacement DNA sites (McDonald and Kreitman 1991) . This approach makes the following assumptions:
1. The number of mutations arising across a genomic coding region of total length L in a given generation is a Poisson process with intensity , where v/2 p 2N mL e is the effective population size and m is the mutation N e rate per generation per site (for a summary of notation used in the present article, see appendix A).
2. Some fraction, , of replacement muta-1 Ϫ f 0 tions is lethal and never contributes to polymorphism or divergence. Consequently, the effective mutation rate at replacement sites after purifying selection is , where is the number of DNA sites v /2 p 2N mL f L r e r 0 r at which a mutation would generate an amino acid change. Silent mutations are considered to be neutral, so that , where is the number
of DNA sites at which a mutation would not generate an amino acid change. 3. The mutation rate is low enough-or, alternatively, that the recombination rate is high enough that genomic regions evolve independently. This is equivalent to assuming that there are only a few polymorphisms per gene at a given point in time.
Replacement mutations that are not lethal evolve according to independent Wright-Fisher diffusion with haploid selection (Ewens 1978) , so that new mutations have Malthusian fitness relative to a wild-type fit-1 ϩ s ness of 1 ( ). For estimation purposes, the parameFsF K 1 ter of interest is . We refer to "strong positive" g p 2N s e selection when , "weak positive" or "weak negag 1 1 tive" selection when , and "strong negative"
. Furthermore, when , we say
that purifying selection is operating on amino acid replacement mutations ("negative" selection and "purifying" selection are both forms of natural selection against new mutations and, as terms, are often used interchangeably).
To complete the parameterization of the model, let t represent the number of human generations since 2N e the divergence of humans and chimpanzees and r represent the ratio of chimpanzee to human . Also, N N e e let represent the number of sampled human chron h mosomes and represent the number of sampled chimn c panzee chromosomes.
The data on variable sites in the aligned sequences of humans and chimpanzees can be cross-classified into eight categories based on three criteria for each of the two classes of OR genes (intact genes and pseudogenes), resulting in a table. These criteria are as 2 # 2 # 2 # 2 follows: fixed between species (K) versus variable within species (S); amino acid replacement (subscript "r") versus silent (subscript "s") mutation; arose along the human lineage (subscript "h") versus the chimpanzee lineage (subscript "c"); and occurred in a functional gene (f) versus a pseudogene (w). The total number of SNPs and the total number of fixed differences expected across the two classes of OR genes for both silent and replacement mutations are Poisson-distributed random variables (Sawyer and Hartl 1992; Bustamante et al. 2002) .
Within the PRF framework, there are several parameterizations that can be used to model the cell entries. For ease of statistical computation and the ability to test assumptions of the model, we choose to model the chimpanzee and human cell entries independently, with a shared species divergence time for functional genes and pseudogenes. This choice results in the following parameters for each of the chimpanzee and human analyses:
, , and g parameters for functional genes; , , and v v v v s r s r g parameters for pseudogenes; and t. By factoring of the conditional posterior distribution of t given all other parameters in the model, it can be shown that the parameter t is influenced only by data on neutral variation, so long as the replacement mutation rate is allowed to vary independently among the classes of mutations (C.D.B., unpublished data). This implies that we can estimate the ratio of the effective population sizes of humans and chimpanzees by using the ratio of the species divergence times from the independent analyses. To approximate the posterior distribution of the parameters given the observed data (i.e., the joint probability for parameter values given the data), we use the Markov- chain Monte Carlo (MCMC) method (Bustamante et al. 2002) , modified such that we use a single value of g for each class of genes, rather than a hierarchical model for the distribution of selective effects among genes. Consequently, there is no updating of the hierarchical parameters in the model; rather, they are chosen a priori to have a large variance. The reason for this is that the cell entries in the individual table for each gene are small, 2 # 2 # 2 so there is little information on the variation among genes in selection intensity within each class of genes.
For each of the human and chimpanzee data sets, we ran 10 independent MCMC chains with overdispersed starting points for 150,000 iterations. We retained samples after the 50,000th step in each chain to allow for "burn-in" of the chains and used every 10th sample from the chain as a quasi-independent draw.
Results
We selected 20 OR genes without regard to functional annotation and sequenced them in 16 humans (from the Hausa population in Nigeria), in 16 western chimpanzees (Pan troglodytes verus), and in one orangutan. The OR genes selected are from 14 OR gene clusters on nine different human chromosomes (table 1). The choice of the Hausa for the human sample was motivated by the recent publication of polymorphism data for 10 intergenic regions from this population (Frisse et al. 2001) . Frisse et al. (2001) reported that the patterns of variability in these regions in the Hausa are roughly consistent with a standard neutral Wright-Fisher model of constant population size. This suggests that it may be easier to interpret patterns of polymorphism in the Hausa as compared with populations that fit poorly to a neutral null hypothesis (e.g., Italians or Chinese [Frisse et al. 2001] ). The intergenic regions reported for the Hausa (Frisse et al. 2001) are used here as a set of putatively neutral reference regions with which the OR genes are compared.
In humans, 10 OR genes (50%) contain at least one coding-region disruption and are thus pseudogenes. In chimpanzees, this is the case for six genes (30%). The fraction of pseudogenes in our samples is consistent with the overall OR pseudogene fraction in the human genome (Glusman et al. 2001 ) and with the finding of for a sample of 60 chimpanzees' OR genes. We found no OR genes that were segregating both intact and pseudogene variants in our sample, such as were observed by .
For chimpanzees, there exist very few studies of DNA sequence variation in putatively neutral regions (Deinard and Kidd 1999; Kaessmann et al. 2001; Stone et al. 2002) . We therefore sequenced seven ∼800-bp segments of the 10 putatively neutral intergenic regions described by Frisse et al. (2001) in western chimpanzees. The average nucleotide diversity for the intergenic regions is ∼50% higher in chimpanzees than in humans (0.0015 and 0.0010, respectively), in agreement with a previous report for a noncoding locus on the X chromosome (Kaessmann et al. 2001 ). Human-chimpanzee divergence for the intergenic regions is 1.3%, similar to previous estimates of putatively neutral genomic regions (Chen et al. 2001; Ebersberger et al. 2002) .
Chimpanzee OR Genes
We considered three aspects of the data to assess support for different models of natural selection. First, we calculated the nucleotide diversity (as summarized by p [Nei and Li 1979] ). Second, we considered a summary of the allelic frequency spectrum, Tajima's D (Tajima 1989b) , the mean of which is expected to be ∼0 under the standard neutral model. Negative D values reflect an excess of rare alleles, and positive D values reflect an excess of intermediate-frequency alleles relative to neutral expectations. Third, we estimated the ratio of nonsynonymous to synonymous (Ka/Ks) polymorphic sites within the species, as well as the Ka/Ks ratio for fixed differences between species. An average Ka/Ks of 1 is expected if both amino acid replacement and silent mutations are selectively neutral. Lower values are consistent with selection against amino acid replacements (i.e., purifying selection), whereas higher values reflect selection that favors amino acid replacements (i.e., positive selection).
We find that the average nucleotide-diversity values are roughly similar for the chimpanzee OR pseudogenes (0.0018) and the neutral regions (0.0013). In contrast, the average nucleotide diversity of the intact chimpanzee OR genes (0.0007) is significantly lower than that of the pseudogenes and that of the neutral regions (by MannWhitney U test, and for intact genes P p .033 P p .035 and pseudogenes/neutral regions, respectively). The average Tajima's D values for the chimpanzee OR pseudogenes and the neutral regions are Ϫ0.09 and 0.07, respectively-not significantly different from 0 at the 5% level. In contrast, Tajima's D values for the chimpanzee intact OR genes are negative for 12 of the 14 genes (tables 2 and 3). The average D value, Ϫ0.92, is significantly different from 0 (by multiple-locus D test, ), in-Ϫ5 P ! 10 dicating an excess of rare alleles as compared with neutral expectations. The average Ka/Ks value for the chimpanzee OR pseudogenes is ∼1, both for polymorphisms and for substitutions on the chimpanzee lineage ( fig. 1) . For the intact genes, an average Ka/Ks ratio of 0.509 is observed
Figure 1
Ka/Ks values for OR genes and pseudogenes in human and chimpanzee. Values for polymorphic and fixed sites are plotted as unblackened and blackened bars, respectively. for polymorphic sites, and an average Ka/Ks ratio of 0.553 is observed for the fixed substitutions ( fig. 1 ).
Human OR Genes
We repeated the same analyses for the human OR genes, comparing them with the results of Frisse et al. (2001) for the 10 intergenic regions sequenced from Hausa individuals. The average nucleotide diversity is very similar for the human OR pseudogenes (0.0010) and intergenic regions (0.0011) (Frisse et al. 2001) . In contrast, the nucleotide diversity for the human intact OR genes (mean 0.0005) (table 1) is significantly lower than for the OR pseudogenes or for the intergenic regions (by Mann-Whitney U test, P p .025 and P p .032 for OR pseudogenes and intergenic regions, respectively).
Furthermore, a skew in the allelic frequency spectrum is observed for the human OR genes. The average Tajima's D value is significantly lower than 0 for both the intact genes and the pseudogenes (by multiple-gene D test, and for intact genes and pseu-P p .016 P p .038 dogenes, respectively) (see table 1), indicating an excess of rare alleles. In contrast, for the intergenic regions, the average Tajima's D is slightly negative (Ϫ0.33) (Frisse et al. 2001) but not significantly different from 0.
The average Ka/Ks ratios for the human OR pseudogenes are 0.787 for polymorphic sites and 0.763 for sites fixed on the human lineage ( fig. 1) . These values are not significantly different from the neutral expectation of 1. In the intact human OR genes, the average Ka/Ks value for the polymorphic sites is 0.437, whereas the average Ka/Ks value for substitutions on the human lineage is 0.813 ( fig. 1 ).
Inference about Selection by Using the PRF Model
We used a parametric analysis based on the PRF settings of Sawyer and Hartl (1992) and Bustamante et al. (2002) to estimate the direction and strength of selection acting on amino acid replacement mutations in OR genes. We use the MK tables to estimate the scaled selection coefficient ( ) of mutations in OR genes. 2Ns In this model, the data are the numbers of silent segregating sites, replacement segregating sites, silent substitutions, and replacement substitutions. The parameters that we estimate are two mutation rates (silent and replacement), the species divergence time, and the selection coefficient of replacement mutations in OR genes. The maximum-likelihood estimates of the four parameters are found by setting the expected value of each cell entry in the MK table to its observed value and solving the set of equations (for full details, see Sawyer and Hartl 1992) . Table 4 reports convergence and summary statistics for all parameters in the analysis, based on the retained 100,000 draws. Figure 2 illustrates the marginal posterior distribution of the directional selection parameter ( ) on amino acid replacement mutations g p 2N s e for intact OR genes and pseudogenes in human and chimpanzee. For pseudogenes in both humans and chimpanzees, the posterior distributions of g have modes very close to 0. Furthermore, 95% of the MCMC draws for the chimpanzee pseudogenes fall between g p Ϫ0.7949 and g p 1.4151, whereas, for humans, 95% of the draws fall between g p Ϫ0.6848 and g p 1.4146. Thus, in concordance with expectation, amino acid replacement mutations in pseudogenes seem to have little effect on fitness.
For intact OR genes, we find a difference between humans and chimpanzees. In the chimpanzees, 95% of the MCMC draws for the selection parameter fall between Ϫ0.8063 and 1.251, with a mean of 0.0665. This represents a good fit to a simple neutral model for the number of fixed amino acid replacements when compared to amino acid polymorphisms. In humans, the mean of the MCMC draws is 0.7405, and !17.59% of draws are !0. Thus, there is strong indication that most of the amino acid replacements were positively selected on the human lineage.
This conclusion is bolstered by considering the joint distribution of the strength of selection and a proxy for the rate of deleterious amino acid replacement mutations. To quantify the rate of deleterious mutations, we define the ratio , which is comparable of the effective rate of nonsynonymous and synonymous mutations, which takes into account the effect of strong purifying selection (since strongly deleterious mutations tend to be very short-lived in the population, they will not be found segregating in the sample). In figure 3 , we summarize the joint distribution of g and as eslog q timated from the MCMC scheme. For OR pseudogenes, the data are explained relatively well by neutrality of replacement mutations and near 0 (i.e., by the log q equality of silent and replacement effective mutation rates). For the intact OR genes in chimpanzees, the data are consistent with constraint at most amino acid sites ( ) and neutrality of the replacement sites. In log q ! 0 other words, most amino acid replacement mutations are highly deleterious and will never be seen in a sample, consistent with our previous observations of an overall low Ka/Ks ratio for intact OR genes in the chimpanzee (fig. 1) ; however, the few replacement mutations that have fixed in the chimpanzee lineage were neutral mutations. In humans, in contrast, intact OR genes show a signal for relatively strong constraint at most amino acid sites ( ), but replacement substitutions aplog q K 0 pear to have been driven to fixation by positive selection ( ) (i.e., most amino acid replacement mutations are g 1 0 highly deleterious, but replacement mutations that have fixed were favored).
Note that this approach allows one to gauge the effect that uncertainty in correlated human and chimpanzee demographic parameters has on the inference about selection. Figure 4 shows the joint distribution of the strength of selection on human OR genes and the time since the human-chimpanzee species split. There is a large variance in the estimate of the time since the species split (table 4), but it is clear that, the more recent the split, the stronger selection must be to account for the observed number of fixed amino acid differences in the OR genes. Estimates of t can be translated into real time by assuming a value of and a number of years per N e generation (e.g., and 25 years per gener-N p 10,000 e ation for the mode of t will give ∼5 million years).
Discussion
Rejection of the standard neutral model of a randomly mating population of constant size by tests of neutrality may be due to a violation of any of the model assumptions, not only to the action of natural selection. Thus, on the basis of a single gene or a class of genes, discrimination between selection-and demographic-based explanation is not always possible. For example, both directional positive selection and population growth can result in a relative excess of rare alleles in DNA sequences. It is furthermore known that the standard neutral model is a too simple representation of population history and thus is easily rejected. An alternative approach attempts to circumvent these problems by using a large number of putatively neutral loci as an empirical reference, to test empirically the fit of the null hypothesis of no selection.
Our approach follows that of Hamblin et al. (2002) , who used intergenic regions as references to identify the nature of selection acting on the Duffy gene. In the present study, we compared three classes of DNA sequences: intergenic regions, pseudogenes, and putatively functional genes. An attractive feature of this approach is that, by using multiple genes for each class, we gain more accurate estimates of the population parameters, because the evolutionary variance within each class is taken into account.
Selection on Intact OR Genes
In both humans and the chimpanzees, variability of OR pseudogenes is similar to that of the intergenic regions, whereas intact OR genes have significantly lower
Figure 3
The joint distribution of g and , as estimated from the MCMC scheme. A, Chimpanzee OR pseudogenes. B, Chimpanzee log q intact OR genes. C, Human OR pseudogenes. D, Human intact OR genes. nucleotide diversity, suggesting the action of natural selection. However, the selection mechanisms responsible for the decreased variability of intact OR genes appear to differ between the two species.
In the chimpanzees, demographic models (e.g., population growth [Tajima 1989a] ) are highly unlikely to explain the excess of rare alleles observed among intact genes, since we do not detect such a deviation either in the putatively neutral regions or in the OR pseudogenes. In contrast, purifying selection on the chimpanzee intact OR genes can explain the low nucleotide-diversity values for intact genes, the low Ka/Ks values, and the excess of rare alleles. Consistent with this explanation, we find that the nucleotide diversity in the chimpanzee intact OR genes is significantly lower ( ) for silent sites P p .028 ( ) as compared with replacement sites 0.0015 ‫ע‬ 0.0013 ( ). Also, Tajima's D value is more neg-0.0006 ‫ע‬ 0.0009 ative for replacement sites (Ϫ1.02) than for silent sites (Ϫ0.46). The action of purifying selection on intact OR genes is also consistent with the observation that chimpanzees maintained a larger functional OR gene repertoire than did humans .
In humans, the excess of fixed amino acid replacements relative to amino acid polymorphisms suggests that positive selection has driven a subset of amino acid alleles to fixation ( fig. 1) . Also in support of this hypothesis, variability is reduced in human intact OR genes, and there is a relative excess of rare alleles throughout human OR gene clusters for both intact OR genes and pseudogenes. Since intact OR genes and pseudogenes are interspersed within the same OR gene clusters (with a typical distance of 20-50 kb from each other), it is expected that a selective sweep acting on an intact OR gene will result in a hitchhiking effect on neighboring pseudogenes (Maynard-Smith and Haigh 1974) .
The action of positive selection on intact human OR
Figure 4
Joint distribution of the scaled selection coefficient ( ) that is associated with mutations in OR genes and species divergence 2Ns parameters (in units of t).
genes is furthermore supported by the PRF-model analysis. The excess of amino acid replacements fixed between species relative to polymorphic replacements within species suggests that positive selection favored the fixation of replacement mutations. However, the Ka/Ks divergence values for the human intact OR genes are not 11, as expected for genes under positive selection. Similarly, we do not observe significant differences in nucleotide diversity ( and for silent 0.0007 ‫ע‬ 0.0006 0.0006 ‫ע‬ 0.0004 and replacement sites, respectively) or in Tajima's D values (Ϫ0.82 and Ϫ0.68 for silent and replacement sites, respectively) between silent and replacement sites in human intact OR genes. This said, these tests for positive selection are conservative when some sites are under strong evolutionary constraint. The advantage of the use of the MK tables (McDonald and Kreitman 1991) and the PRF model is that it allows for purifying selection to be taken into account by comparing the ratio of variable silent to variable replacement sites within and between species. Using this method, we do find evidence for positive selection acting on intact OR genes in humans, as indicated by an estimated positive mean of the selection coefficient.
One interpretation is that most of the OR protein is under evolutionary constraint, whereas very few amino acid changes to the receptor's biding site are favored. Chemosensory ligand specificity appears to rest in a relatively small number of complementarity-determining residues . Thus, a small number of mutations could alter the receptor's function and be beneficial, whereas most of the protein is under constraint. In this respect, it is worth pointing out that one cannot estimate the variability in selection coefficient among sites within the same gene in the PRF model (since only four parameters can be estimated from the four data points).
One feature is unexpected under this model, however: variability is not reduced in the human OR pseudogenes, as expected from a model of repeated selective sweeps in an OR gene cluster where genes and pseudogenes are interspersed (Stephan et al. 1992; Braverman et al. 1995) . Furthermore, the high rate of gene disruption in the human lineage suggests that most human OR genes are evolving neutrally. These apparently contradictory observations may be reconciled by the existence of different categories of intact OR genes, whereby only few intact OR genes experience selective sweeps and, as
Figure 5
Three OR genes studied on human chromosome 11. Rectangles represent the OR coding regions along the chromosome. Indicated are P value of the H test, ; Tajima's D value; and nu-P(H) cleotide diversity, p. a result, the signature of a sweep in the combined sample is not very strong. Previously, we suggested that, although most human OR genes are under no evolutionary constraint, a subset may still be evolving under purifying selection . This was motivated by the observation of 9 of 50 OR genes that were intact in humans and in four nonhuman primates and that thus seemed to be under considerable evolutionary constraint in all primates. Our results here suggest that there is an additional category of OR genes in the human genome: genes that were under positive selection in the human lineage, perhaps in response to humanspecific needs. In contrast to highly conserved genes , the category of OR genes that evolve under positive selection in the human lineage is not easily identified. Currently, we do not have independent support for the action of positive selection on specific OR genes; hence, the existence of this category of OR genes can be inferred only from the observation of an overall signature of positive selection on OR gene clusters in the human genome.
A Possible Example of an OR Gene Cluster under Selection
Of the 20 OR genes that were chosen at random for the present study, 3 were found to be located within 125 kb in an OR gene cluster on human chromosome 11 ( fig. 5 ). Interestingly, we observed a gradient in both the variability and the Tajima's D values of these three OR genes ( fig. 5 ), whereby the most telomeric of the three had the lowest nucleotide-diversity value and the most negative D value. We calculated the H statistic (Fay and Wu 2000) for these three genes. A negative H value indicates an excess of high-frequency derived alleles as compared with standard neutral expectations. Such a deviation from a neutral frequency spectrum is expected immediately following a selective sweep at a linked but not directly adjacent site (Fay and Wu 2000; Przeworski 2002) . A significant excess of high-frequency derived alleles is observed for the most telomeric of the three OR genes in this cluster, and the H-test P values increase toward the centromere ( fig. 5 ). This suggests a target of selection on the telomeric side of 51A6P ( fig. 5) . Seven intact OR genes are mapped within 500 kb of 51A6P, and no non-OR gene is predicted within this genomic distance. If the signal that we observed in this gene cluster is indeed the result of a selective sweep, then it is reasonable to assume that the target of selection was one of the intact OR genes close to the three ORs that we sampled.
The Difference between Humans and Chimpanzees
A possible explanation for the lower constraint on OR genes in humans as compared with chimpanzees is a reduction in the efficiency of purifying selection as a result of the smaller effective population size in humans. However, our results and previous reports indicate that the difference in population size between humans and chimpanzees is two-or threefold (Hacia 2001; JensenSeaman et al. 2001; Kaessmann et al. 2001) . For this difference to explain our observation, the selection coefficients associated with an OR gene must be within a narrow range in both species across a large fraction of the OR gene repertoire ( , where is the 1 ! N s ! 3 N e e effective population size and s is the selection coefficient), which seems unlikely. Therefore, we suggest that it is the selection coefficient that has changed between other apes and humans for most OR genes, possibly owing to a decreased reliance on the sense of smell in humans relative to chimpanzees. The Ka/Ks values for the human OR pseudogenes, although not significantly different than 1, are slightly lower. It can also be seen from figure 3 that amino acid replacement mutations in the human pseudogene are under slight constraint (the mode of the distribution is slightly negative). If a subset of the human OR pseudogenes were, until recently, intact genes, this could explain these observations. We did not detect the action of positive selection on the chimpanzee OR genes. One explanation is that the strong purifying selection acting on the chimpanzee OR genes makes it harder to detect the traces of positive selection. Alternatively, more OR genes have evolved under positive selection in the human lineage than in the chimpanzees. This could be caused by the larger difference in lifestyle between humans and apes than among other primates. Some aspects of these differences could have led to novel human olfactory needs not shared with other primates. For example, humans are the only primates who consume cooked food, with potentially wide-spread effects on nutrition, ecology, and social relationships (Wrangham et al. 1999 ). This may have had a strong impact on the OR gene repertoire, since the sense of taste is largely a function of olfaction. Specifically, one might speculate that cooking leads to a reduced need to identify toxins in foods (since these would are denatured by cooking).
Conclusion
The present study was designed to explore selection in the largest gene family in mammalian genomes. The use of intergenic reference regions enabled us to identify diversity patterns more likely to be due to natural selection than to demography, and the PRF model allowed us to estimate the strength and direction of selection acting on these regions. We find evidence for natural selection acting on OR genes in both human and chimpanzee. The data are consistent with purifying selection acting on intact OR genes in chimpanzee and positive selection acting on at least some of the intact OR genes in humans. We suggest that, whereas most human OR genes are under no or little evolutionary constraint, others have important functions shared with the apes and that a subset have evolved under positive selection in humans. Further studies of specific OR gene clusters in humans may identify the selected changes and shed light on what olfactory stimuli have exercised selective pressures on the human OR gene repertoire.
